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Abstract—The defected ground structure (DGS) technique en-
ables miniaturization of the resonator which leads to the develop-
ment of the compact near-field wireless power transfer (WPT) sys-
tems. In general, numerous challenges are inherent in the design
of the DGS-based WPT systems and, hence, appropriate trade-
offs for achieving optimal performance are required. Furthermore,
the design advancements have led to the development of the DGS-
based multi-band WPT systems to fulfill the needs of simultaneous
data and power transfer. The innovations in the DGS-based WPT
systems have also resulted in the definition of more commonly used
figures-of-merit for the benchmarking of various performance
metrics. The literature is replete with the design schemes to
address one or more associated design challenges and successful
WPT system realizations with enhanced performance. With this in
mind, this paper touches upon the DGS-basedWPTs developments
and presents a concise report on the current state-of-the-art and
future directions.
Index Terms—Coupling, defected ground structure (DGS),
multi-band, resonator, Q factor, single-band, wireless power trans-
fer (WPT).
I. INTRODUCTION
NOWADAYS replacing wires by applying wireless powertransfer (WPT) systems has become very attractive since
the latter enables the charging of multiple electronic devices
simultaneously [1] and powering the sensors with very low
power consumption [2], [3]. Transmission of electrical power
through free space using radio waves, i.e., essentially entails
the transmission of electrical energy without employing any
physical link. The concept of WPT can be traced back to 1888
when Heinrich Hertz demonstrated, for the first time, wireless
transmission of power [4], [5]. However, it is also imperative
to mention that the modern world considers Nikola Tesla as the
father of WPT as he was the first to experiment and document
his work on WPT way back in 1899 [6]–[8].
In general, it is feasible to divide WPTs into two categories,
namely, far-field WPT [9] and near-field WPT [10], [11]. The
far-field WPTs, which are radiative in nature, find usefulness in
applications such as satellite communications [12], unmanned
aerial vehicles (UAVs) [13], and vehicular communication
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(VC) [14]. On the other hand, the near-field WPTs (i.e., non-
radiative) require a short range and are useful for applications
including but not limited to implantable microelectronic devices
(IMDs) [15]–[17], radio-frequency identifiers (RFIDs) [18],
drug delivery systems [19], micro-robotics [20], consumer elec-
tronics (CE) [21], [22], wireless body area network (WBAN)
[23]–[25], electrical vehicles (EVs) charging [26], [27], and
sensors employed in biomedical domain [28]–[30]. A generic
schematic of WPT and its potential applications are depicted
in Figure 1. In this context, it is pertinent to mention that
numerous WPT techniques, which revolve around concepts
such as inductive coupling [31], magnetic resonance [32], meta-
surfaces [33]–[35], capacitive coupling [36], lasers [37], etc.,
have been proposed to facilitate both near- and far-field WPT
applications.
Within the scope of near-field WPTs, three distinct coupling-
based techniques, namely, capacitive [38], inductive [39], and
magnetic resonance [40], have been widely explored. Out of
these, the capacitive one possesses a smaller power transfer
range as compared to the other approaches and, therefore, finds
limited usefulness in practical applications [41]. On the other
hand, the inductive and resonant coupling-based WPTs, with a
relatively longer power transmission distance, are built around
metallic coils [42]. There have been a number of advancements
in such techniques, considering that the evolution in technology
enabled the design of printed coils and spirals using microstrip
lines (MLs) [43], [44]. Several design reports related to the
resonance coupling-based WPT systems focus power on certain
carrier frequency and, as a consequence, the efficiency of
the system improves. Therefore, such WPTs exhibit a better
performance as compared to the systems based on the inductive
coupling [45], [46]. In general, the realization of the resonance
coupling requires a resonator [47], and a defected ground
structure (DGS) technique can aid in the development of the
needed resonators that possess quasi-lumped resonant circuit
behavior [48], [49]. In this regard, it is imperative to mention
that resonance coupling-based near-field WPTs can be achieved
using either the coil (including planarized ones) or DGS.
Therefore, keeping the specifications and other design goals
in perspective, these approaches are compared in Table I.
A simple literature search related to the near-field WPT
systems using coils (including the printed ones) conveys that a
number of innovative design techniques, analysis methods, and
performance-enhancing approaches have been reported [32],
[50]–[56]. For example, the WPT performance worsens in
Table I. The parametric comparison of the DGS- and coil-based near-field WPT techniques.
Parameters DGS Coil (incl. planarized)
Operating frequency[19], [22], [44], [64] high (> 100 MHz) low (< 100 MHz)
Power transfer efficiency [19], [44], [63], [69], [70] moderate (60− 75%) low (< 50% at low frequencies)
Power transfer distance [21], [40], [57], [64] moderate high
Implementation [22], [44], [57] easy complicated
Equivalent circuit [20], [66], [67] complicated (quasi-static) easy
Multi-band operation [19], [64], [68], [70] + −
Frequency split phenomenon [32], [64], [65], [71], [74] + +
Robustness [48], [57] + −
High Q realization [22], [49], [62] + + (when planarized)
Cost [44], [48] − +
Compactness [19], [48], [64], [67] + −
Ease of design [18], [62] + −
Misalignment sensitivity [48], [50], [69] + +
the presence of lateral and angular misalignment between the
transmitting and receiving coils, and this issue was addressed
by a new design configuration [50]. There are often mutual
coupling issues between the transmitter (TX) and receiver (RX )
and that can be mitigated by the incorporation of a switchable
circuit with capacitors in designed WPT [51]. It has been estab-
lished that the mutual inductance (M ) and coupling between
resonators significantly impact the performance of coil-based
WPT systems and [52] proposed an analytical solution that
can in advance predictM between the planar coils. Sometimes,
there may be issues due to over-coupling as it creates a split
in the resonant frequency and, hence, in the performance of
WPT [32], and an analytical technique to address this concern
related to the frequency splitting phenomenon was reported
in [53]. It is pertinent to mention that coupling-based WPT
techniques rely on a high-quality factor (Q) of resonators
to enhance the performance. This was aptly demonstrated
through a very intuitive design using a double-sided substrate
integrated suspended line technology to enhance the Q factor
of the conventional printed spiral inductors [54]. Some of the
reported spiral-based WPT systems were application-specific,
e.g., a high-efficiency WPT for IMDs by considering various
standardized frequencies [55] and different signal carriers [56].
A brief survey on the coil-based WPT systems reveals that
these systems are promising and can transfer power to relatively
longer distances. However, they are limited in utility at higher
frequencies in the radio waves spectrum owing to large circuit
dimensions [20], [40], fabrication complexity [57], and the
bulkiness of the system [48]. Planarizing the coils mitigates
such challenges to some extent but, still, these do not fulfill
the needs of applications requiring miniaturization and simpler
design with very high efficiency in lieu of the reduced power
transmission range [58]–[60].
The coupling-based WPT systems and techniques developed
using DGS resonators have been getting tremendous attention
in the past few years. One of the key factors contributing to
this traction is the ability of DGS to provide definite benefits in
terms of the miniaturization and compactness of the WPT sys-
tems [61]. Furthermore, other benefits of this technique over the
coil-based approach include the ease of design and implementa-
tion [62], robustness and reliability [57], cost-effectiveness and
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Fig. 1. The potential applications of the WPT systems.
relatively lower losses [48], and more freedom in the realization
of high Q by controlling the geometry of DGS shapes [63]. The
major challenges encountered by the DGS-based WPT systems
are relatively smaller power transfer distance [64], [65] and
complicated quasi-static equivalent circuit of DGS shapes [57],
[66]. In this instance, it is worth mentioning that numerous
challenges in the design of such systems occur due to the trade-
offs among the power transmission range, efficiency, size, and
design complexity. However, any comprehensive yet succinct
information about these aspects is unavailable. Therefore, this
paper aims to fill this gap by providing an extensive resource
about the challenges, design techniques to overcome them,
performance enhancement approaches, and research directions
related to the DGS-based WPT systems.
The organization of the rest of this article is as follows.
Section II elaborates on the state-of-the-art of the DGS-based
WPT systems. Section III introduces the major challenges of
DGS-based WPTs as well as the features of the DGS technique,
analyses of various DGS shapes, and illustration of the main
design steps. Section IV presents some successfully imple-
mented DGS-based WPT systems in recent years. Finally, the
potential research directions of the DGS-based WPT systems
are elaborated in Section V, while Section VI concludes the
paper.
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Fig. 2. Coupling example of two DGS-based resonators. P1 and
P2 stand for the input and output ports, respectively. Note that
the defect type can be replaced by any shape.
II. RECENT ADVANCEMENTS OF DGS-BASED WPTS
The realization of the WPT systems requires the utilization
of two coupled (see Figure 2) antennas, acting roles of a
transmitter and a receiver, both resonating at the same fre-
quency. There has been an upward spike in the use of the
DGS-based resonators in the WPT systems as it leads to circuit
size reduction [63], [67]. The first report of DGS-based WPT
was developed around H-shaped resonators [48]. Subsequently,
various analyses and design approaches to enhance this work
both in terms of performance as well as ease of design have
been reported [65], [68]. In particular, the J-inverter theory
seems very promising as it readily aids in the analysis and
extraction of the WPT equivalent circuit element values [19],
[62]. Some reported works showed the impact of misalignment
between TX and RX by presenting numerous studies [57],
[69]. Furthermore, the literature is also replete with recent
papers which broadened the WPT schemes to both wireless
power and information transfer by proposing multi-band WPT
systems [64], [70]. Then, there have been efforts to benchmark
the WPT systems by proposing standard metrics such as the
figure-of-merit (FoM). The FoM essentially includes all the
key parameters of WPTs, namely, power transfer distance (d),
circuit size, and efficiency (η) of the delivered power to RX .
In addition, the further advancements in the variously shaped
single-band DGS WPTs are compared in terms of FoM (see
Figure 3) and the other parameters are listed in Table II.
As mentioned earlier, η is one of the critical parameters
of WPTs that heavily depends on the resonator’s inductance
(L), i.e., a higher value of L results in efficiency enhancement.
This phenomenon was examined through different shapes of
DGSs, such as H, semi-H, and two-turn square DGS [49],
[57]. It was shown that semi-H shape has greater inductance as
Table II. Performance comparison of the DGS-based WPT
systems (⋆−single-band, ◦−dual-band, and †−tri-band).
Ref.
η
(%)
d
mm
size
mm×mm
FoM
[48]⋆ 85 5 25× 25 0.17
[49]⋆ 68.5 50 40× 40 0.856
[57]⋆ 73 25 21× 21 0.86
[62]⋆ 71 11 20× 20 0.39
[63]⋆ 61 50 50× 50 0.61
[67]⋆ 63 40 30× 30 0.84
[71]⋆ 64.6 44 35.8× 20 1.06
[72]⋆ 86 35 30× 30 1.003
[19]◦ 71/72 16 30× 15 0.757/0.772
[64]◦ 71/81 15 18× 18 0.84/0.96
[65]◦ 60/67 3.5 15× 10 0.17/0.19
[68]◦ 58/74 17.5 34× 20 0.55/0.69
[73]◦ 70/69 40 50× 50 0.56/0.55
[74]◦ 80/73 17 20× 20 0.68/0.62
[70]† 68/60/65 30 50× 50 0.4/0.36/0.39
compared to H shape because of possessing only one current
path and, therefore, the WPT systems employing this resonator
exhibit higher efficiency. Moreover, two-turn square DGS also
has higher inductance in contrast to H shape because of the
extended current loop and, therefore, its use also enhances the
WPTs efficiency. Moving forward, the positive influence of Q
on a system efficiency was demonstrated by exploiting the dual-
E shape DGS [62]. It was also shown, that the efficiency of
WPTs is severely impacted by the propagation medium and,
therefore, it should be taken into account for any practical
situation [63]. In addition, the efficiency is greatly impacted by
misaligned TX and RX resonators and it was investigated using
a semi-elliptic DGS [69]. The efficiency also gets enhanced
substantially in multi-band WPT systems as well which is
apparent from the developed dual-band WPT system based on
cascades of a circular DGS [19].
The power transmission range is another very important
aspect of any WPT system and, therefore, a number of reports,
based around a variety of DGS shapes, tried to improve d. It
has been established that d is directly proportional to the value
of a coupling coefficient (k), i.e. higher k leads to a higher
transmission range and vice-versa [71]. It was demonstrated
through the use of rectangular DGS resonators which also
possess a higher Q value. In addition, other reported WPT
systems, that focus on a range enhancement, considered the
plus and hexagonal shapes of DGSs [68], [72].
Miniaturization of WPTs is one of the most important
aspects of the development of the DGS-based WPT systems for
biomedical and other low-power applications. Recently reported
articles tried to address this requirement. For instance, an
asymmetric resonator-based WPT system, where RX is smaller
than TX , is one solution to reduce the overall system size [67].
Other exciting designs for size miniaturization include the ultra-
compact U and double-rectangular DGS shape dual-band WPT
systems working at practical industrial, scientific, and medical
(ISM) bands [64], [65]. Recently, the concept of multi-mode
DGS resonators has been incorporated for achieving compact-
sized dual- and tri-band WPT systems [70], [73]. In addition,
it has been shown that the size miniaturization of dual-band
WPT can also be achieved by adding a lumped capacitor to
resonators [74].
III. DGS-BASED WPT DESIGN CONSIDERATIONS
Apart from the main parameters of WPTs, namely, efficiency,
resonator compactness, and power transmission distance, the
design of DGS-based WPTs faces inherent challenges and,
therefore, requires appropriate design techniques for optimal
performance. The key considerations during the design trade-
offs are within the realm of the resonator design, equivalent
circuit development, impedance matching, and high k and Q re-
alization. The overall idea is to develop a precise methodology
to design and realize the WPT systems possessing extremely
high FoM with respect to given applications.
A. DGS Technique
The photonic bandgap structure (PBG) or DGS techniques
are capable of achieving stop-band or band-gap effects and,
hence, are extremely useful in the design and development of
microwave and millimeter-wave filtering circuits [75], [76]. The
rejection of the desired frequencies in PBG is regulated by the
number of lattices, lattice spacing, and relative volume fraction,
whereas it has been well established that in the DGS technique
this is primarily dependent on the physical dimensions of the
etched shape in the ground plane [77], [78], as the DGS concept
lies in altering the current distribution of the ground plane by
introducing any type of defect on it. As a consequence, the
capacitance and the inductance of the transmission line change.
In general, DGS possesses numerous advantages such as the
ease of modeling, simplicity in constructing the equivalent
circuit, fabrication, etc., hence is preferred over PBG in the
design of filtering structures such as band-stop filters (BSFs)
[76], low-pass filters [79], and band-pass filters [80]. Analysis
of any DGS shape is extremely difficult and, therefore, it is stan-
dard practice to make use of advanced electromagnetic (EM)
simulators to solve the DGS related challenges [81]. Moreover,
the parameters of the DGS-based resonators can be extracted
by using a simple LC tank circuit, but it cannot provide
information about the physical dimensions of the introduced
DGS shape and, hence, this approach cannot be considered
unique for any DGS shape. For the parameter extraction of
a particular DGS shape, the development of a quasi-static
equivalent circuit is required [66].
Furthermore, the available literature includes diverse analyses
of the DGS technique from multiple aspects. For instance, the
authors in [82] improved the performance of the circuit by
introducing U and V shaped DGSs compared to the earlier
reported dumbbell and spiral shapes. The resonator miniatur-
ization was achieved by utilizing bending feasibility of the
microstrip in [83], while [84] reported a 94%, 57%, and
88% size reduction compared to the conventional dumbbell,
H, and modified dumbbell shape-based BSFs, respectively, by
embedding varactors to the circuit to enable tunable resonators.
Asymmetric types of DGS were first explored in [85], where the
Fig. 3. The achieved FoM values of the single-band WPT
systems employing different DGS shapes.
(a) circle (b) ellipse (c) H
(d) plus (e) square (f) T
Fig. 4. The utilized different DGS shapes.
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Fig. 5. The structure of the DGS-based resonators.
authors concluded that this type of DGS shapes outperforms the
symmetric DGS shapes in terms of the resonator size reduction.
Another tunable band-stop resonator, possessing a small circuit
size, employs E shape DGS which has a high Q and a sharp
transition knee [76].
B. DGS shape analysis
One approach of achieving a highly-efficient WPT system is
to improve the Q value of a resonator [71], [86]. Therefore,
this section provides analyses of various-shaped DGS-based
resonators in terms of the Q value. As mentioned above,
different shapes of DGS in the ground plane disturb the current
distribution in varying fashion and it leads to numerous band-
stop characteristics. To visualize this aspect, a brief survey
was carried out and some of the common DGS shapes, shown
in Figure 4, have been selected to develop BSF and analyze
them in terms of Q. A typical resonator structure used in
WPT systems is given in Figure 5. For the sake of precise
comparison, all the resonators have been developed using the
same substrate and have the same board area of 20 × 20
mm2. For completeness of these simulations, the substrate
RO4350B was selected with parameters of copper thickness
(hc) = 35 µm, substrate thickness (hs) = 1.524 mm, and a
substrate permeability (ε) = 3.66. The ML (i.e., feed line),
located just below the excitation gap (Eg), connects the input
and output ports of resonators (as shown in Figure 2). It
is important to mention that although the resonators possess
different DGS shapes in the ground plane they are simulated
under the same conditions, i.e., a ratio of the copper area to the
non-copper one was set to 1 : 1 for all cases. It can be inferred
from the obtained results in Figure 6 that the H shaped resonator
has the smallest Q value compared to the resonators of other
shapes. However, it is apparent that there is no huge difference
in the Q value among the chosen shapes. Subsequently, it is
reasonable to conclude that the shape is not that important in
achieving high Q.
C. Equivalent Circuit
It has been demonstrated in [19], [62] that the validation
of the DGS-based WPT systems is performed by investigating
their corresponding equivalent circuits. The equivalent circuit
of any DGS-based WPT system is preceded by the development
of the equivalent circuit of the employed resonator (see Figure
7a). The respective parameters of this equivalent circuit require
the usage of analytical expressions [64, Eqs. (1) and (2)].
In general, any WPT system is developed by coupling two
resonators and, as a consequence, a WPT system can be
represented by their equivalent circuits coupling with each other
as depicted in Figure 7b. Here, open stub (Cst) is added to fulfill
the impedance matching and its detailed calculation can be
found in [57]. In this instance, it should be noted that there are
two ways to design a multi-band resonator, by either cascading
single band-resonators [19], [72] or by utilizing multi-mode
techniques [70], [73].
D. Methodology
The successful realization of any practical WPT system
requires the simulation and experimental demonstration. Over
the years, several techniques to design DGS-based WPT sys-
tems have been reported in [19], [49], [74]. These techniques,
although, differ in implementation strategies but can still be
described by a standard design procedure as structured by a
flow chart depicted in Figure 8. For the sake of completeness,
the design steps are elaborated below:
Fig. 6. Q factor of resonators based on various considered DGS
shapes.
• At the outset, define a DGS shape and select a substrate for
the intended design. For example, any shape from Figure
4 (but not limited) and the substrate RO4350B.
• Check the requirement of whether the design is multi-
band or single-band. For instance, single-band is required
only for power transfer whereas a multi-band is envisaged
for power as well as information transfer. However, care
should be taken so that the chosen frequencies conform to
the approved standards, e.g., ISM.
• Then, specify the key parameters of the WPT system,
namely, operating frequency, resonator area, and power
transfer distance according to the requirements of the
planned application.
• Make use of the chosen DGS shape and the specified
WPT parameters to develop a resonator. Calculate the
value of an external capacitor, using [64, Eq. (2)], to
achieve the resonance at a chosen frequency. For multi-
band resonance, either cascade multiple resonators [19],
[64], [68] or follow the multi-mode techniques[70], [73].
It is important to check if the resonance requirements are
satisfied.
• Subsequently, develop an equivalent circuit of the res-
onator to validate the obtained EM simulation results.
• In turn, to construct the WPT system’s equivalent circuit,
first, there is a need to couple two identical resonators
and separate them by distance d. To fulfill this necessity,
carefully place two resonators in a way that no misalign-
ment occurs between them and ensure that they remain
under the perfect coupling condition. Then, use [65, Eqs.
(3) and (4)] to extract the values ofM and k, respectively.
Finally, develop an equivalent circuit of the WPT system
using those defined values.
• Perform impedance matching of the circuit, i.e., define
the value of Cst, once the equivalent circuit of WPT is
developed. Next, convert Cst into open-stub ML [57, Eq.
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Fig. 7. Equivalent circuits.
(4)] and then develop the WPT system.
• Optimization of critical parameters of WPT is often ne-
cessitated to achieve the best performance and often to
trade-off among performance metrics. This completes the
simulation phase.
• Fabricate two resonators to initiate the experimental
demonstration and solder the required lumped components
of the resonators (the connectors and capacitors).
• Perform measurements using network analyzers. Store
data and use (1) [72] and (2) [74] to calculate the well-
accepted performance metrics of the WPT systems. How-
ever, prepare the experimental setup carefully for the pre-
cise results. A good agreement between the experimental
and simulation results validates the design process and the
realized DGS-based WPT system.
η =
| S21 |2
1− | S11 |2 , (1)
FoM = η × d√
average size
. (2)
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Fig. 8. The systematic methodology of the DGS-based WPT
system development.
IV. REALIZED DGS-BASED WPT SYSTEM EXAMPLES
The aim of this section is to introduce the readers with some
recently reported exciting DGS-based WPT designs which
could bring a paradigm shift in this domain. At first, an example
of the design of a dual-band WPT system operating at 0.433
GHz and 0.9 GHz is presented to demonstrate the effectiveness
of the existing methodology. It can be seen in Figure 2 that,
in general, two identical resonators with a certain separation
distance between them need to be coupled to develop a dual-
band WPT system. Particularly, it is critical to define the
operating distance carefully so that the two resonators are under
a perfect coupling condition. For example, the simulation of the
coupled dual-band resonators defines the WPT system results in
|S|-parameters depicted in Figures 9a and 9b. It can be deduced
from these plots that there are two distinct resonant frequencies
and they can be considered as the operating frequencies of the
WPT system. These results clearly show that the DGS-based
resonators are useful in realizing WPT systems. It is important
to mention that these frequencies can be easily regulated by
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Fig. 9. The obtained |S|-parameters from EM simulations [64].
placing an external capacitor to the utilized resonators.
The next step, as mentioned in Section III-C, entails the
development of the equivalent circuit model of the resonators
and corresponding WPT system for validation of the achieved
results. The two-step validation gives confidence in the de-
signed WPT system before eventual fabrication. It is anticipated
that the measured values of |S|-parameters will follow the
simulation results. In case of any anomaly, slight adjustments in
the design stage need to be carried out along with the care in the
measurement. From the achieved plots, in this case, equations
(1) and (2) give the efficiencies of 90% and 88% at the two
chosen frequencies while the corresponding FoMs are 1.06 and
1.03.
Over the years there have been numerous successful real-
izations of the DGS-based WPT systems. For example, one
such design reported in [57] aroused a keen interest in the
DGS-based WPT system. This design, depicted in Figure 10a,
was considered very advanced at the time of its reporting. It
provided an efficiency of 73% at the designed frequency of 0.3
GHz. Similarly, a recent design, depicted in Figure 10b, delves
into the dual-bandWPT system for practical ISM bands and has
the potential for its usage in real-life scenarios [64]. Another
multi-band design, given in Figure 10c, is the first time a tri-
band WPT system [70] has been presented and it definitely
opens the door for real-time applications of such systems in
simultaneous power and information transfer.
V. ONGOING RESEARCH INVESTIGATIONS
The recent reports in the field of DGS-based WPT systems
address the issues related to the main challenges such as power
transfer efficiency, distance, circuit size, high Q realization, etc.
For instance, most of the papers often reported the analysis and
design process and overlooked the issues encountered in the
overall WPT system design. In particular, some DGS-based
designs provided peripheral analysis using their quasi-static
equivalent circuits [57], [67], but most of the designs did not
employ this approach and, hence, it may not be possible to
understand the anomaly in their respective EM and circuit
simulation results. In particular, such an inference can be
drawn from most of the recent designs [49], [62] due to the
absence of any unified approach adopted for the development
of the WPT system’s equivalent circuit. This fact opens up an
opportunity for advanced research in developing a standardized
approach for the WPT equivalent circuit. This has the potential
to assist performance validation prior to the fabrication stage
and, thus, can aid in the successful first-pass WPT design. As
mentioned previously, the operating distance and power transfer
efficiency in such systems can be accomplished by high Q
resonators, but none of the realized WPT systems reported so
far achieved more than 85% efficiency [49], [73]. This again
throws an open challenge to designers to tread this path of
high Q resonators design with target applications in the WPT
systems. Furthermore, the misalignment between TX and RX
has a severely detrimental effect on the efficiency of WPT as
reported in [48], [69]. This aspect needs to be investigated
thoroughly to identify and mitigate the impact of misalignment
on the WPT performance. Another factor, known as a frequency
splitting, also degrades the efficiency and it can be seen in some
reported papers [71], [74]. Accordingly, this phenomenon can
be considered as another interesting research path.
Several reported WPTs were designed to operate at fre-
quencies that do not comply with standards such as WBAN
or ISM [70], [73]. Furthermore, there are not many reports
which demonstrate the performance of WPTs in real tissue
environments and, therefore, it is extremely difficult to make
any judgment on their field deployments [63]. Thus, this is
(a) H-shaped single-band WPT [57]
top bottom
d
(b) double-square shaped dual-band WPT [64] (c) multi-mode based tri-band WPT [70]
Fig. 10. Successfully realized DGS-based WPT systems: (a) single-band WPT; (b) dual-band WPT; (c) tri-band WPT.
another open research direction for the eventual incorporation
of WPTs in the biomedical field. The review results reveal that
there is a need for new performance metrics for such systems
that can also be applied to any WPT.
Keeping the above in mind, there is a requirement of innova-
tive designs covering all aspects of the design process as well
as the performance metrics despite the fact that the DGS-based
WPT systems have gone through considerable advancements
in this decade. In this context, the potential research concerns
of the DGS-based WPT systems can be categorized into four
main groups as shown in Figure 11. The following sub-sections
elaborate on these concerns, the associated challenges, and the
possible directions based on the available knowledge.
1) Performance Enhancement
a) The WPT system’s efficiency actually regulates the
amount of power (received by RX ) to satisfy the
needs of a wide range of applications. Here, the
aim must be set to achieve an efficiency of at least
90% so that the majority of the transmitted power
is received by the load side.
b) Another critical aspect that requires considerable
attention is the compactness of WPT systems con-
sidering that it will facilitate several applications
such as charging of IMD batteries.
c) The power transmission range is also very im-
portant for WPT systems. For example, consumer
electronics may often benefit from the DGS-based
WPT systems possessing a relatively larger power
transmission range. In general, the large-sized WPT
systems exhibit larger operating distance and, there-
fore, there exists a trade-off to achieve the optimal
size and transmission range. Therefore, efforts are
being put in this direction to make these trade-offs
application-centric.
2) Robustness
a) A system that works repetitively without too much
hassle is the need of the time. Therefore, the ro-
bustness of the DGS-based WPT systems is another
aspect that must be the focus in the near future.
Specifically, different types of misalignment be-
tween TX and RX such as angular, horizontal, and
vertical can degrade the WPT system performance
considerably. New methodologies are required to
account for these issues and provide robustness to
the WPT systems.
b) It is often reported that a disagreement occurs
between the simulation and experimental results
in such systems. Thus, there is a pressing need
to develop a new methodology, such as integrated
hardware in the loop type solution, that can mitigate
this issue.
3) Safety
a) One of the main applications of the near-field WPT
systems relates to the broad biomedical domain. In
this context, the safety aspect is paramount as it
concerns the use and handles by a human for hu-
mans. The idea here should be to avoid any adverse
impact on human health. It is important to mention
that the existing solutions have not considered this
issue but it is pertinent to investigate this further so
as to develop techniques for reducing the back-lobe
radiations of the resonators.
b) The high-power WPT systems may not be appro-
priate for numerous applications including IMDs,
for safety reasons, and, in such cases, the low-
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Fig. 11. The research directions in the domain of the DGS-based WPT systems.
power near-field WPT systems are mostly em-
ployed. Hence, the innovative WPT systems with
extremely high efficiency are the need of the time.
c) Most of the existing works report the designs
operating at arbitrary frequencies but these may
not be very appropriate for the biomedical do-
main considering that it concerns human health.
Accordingly, future research should consider only
the Federal Communications Commission (FCC)
approved reserved frequency bands as it helps to
standardize the concerns associated with the WPT
systems employed in the biomedical field.
d) It is worthwhile mentioning that the available lit-
erature still lacks the reports considering the per-
formance of the DGS-based WPT system in the
real tissue environment. Consequently, more exper-
iments and explorations of power transfer through
biological tissues are needed.
4) Design and Analysis Techniques
a) So far, the existing solutions have been relied on
introducing different-shaped defects on the ground
plane to achieve the desired resonant frequency and
obtain high Q. It has been demonstrated in Section
III-B through the case studies that different shapes
possess almost the same Q. Besides, the varying
resonant frequency can be tuned using an external
capacitor. Accordingly, this approach can be defi-
nitely considered as a sub-optimal design process.
Therefore, to further advance the design approaches,
the focus should not be on various shapes but on the
development of some techniques based on quasi-
static equivalent circuits. Furthermore, there is a
need to support designs through closed-form equa-
tions relating to M and k for achieving scalability
and repeatability. This will eventually assist in the
overall planning of the desired WPT system prior
to starting the eventual design.
b) Besides, new techniques to design the compact
multi-band WPT systems with excellent perfor-
mance have the potential to bring a paradigm shift in
a broad range of the internet of things (IoT) devices
and therefore should be prioritized.
c) Other design scenarios that have the potential to
enhance the power transfer range and improve other
design metrics that should also be considered. For
example, a multi-hop scenario, i.e., placing an in-
termediate resonator between TX and RX , seems
a good direction to pursue advanced research as it
may provide a huge improvement in terms of d.
VI. CONCLUSIONS
This paper provides a comprehensive resource about the
challenges and recent advancements in the domain of the DGS-
based WPT systems. Analysis of the different examined DGS
shapes shows that the average Q value can be obtained by
utilizing any of them. Although this field has been advancing
in the last several years this area still needs some research
considerations, e.g., human safety aspects, new design tech-
niques, different analyses, etc. In addition, the provided review
reveals that the WPT systems have been broadened to the multi-
band structures enabling the system to transfer power and data
simultaneously.
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